Abstract. Gliomas are primary brain tumors associated with a poor prognosis partly due to resistance to conventional therapies. To overcome this problem, we investigated the combined effects of gamma knife radiosurgery (GKS) and an antiangiogenic agent, thalidomide (THD), or a chemotherapeutic agent, temozolomide (TMZ), on a rat glioma model. GKS (20 Gy single dose) alone and/or drugs (for 3 days) were delivered 14 or 18 days after stereotactic implantation of C6/LacZ glioma cells into the brains of Sprague-Dawley rats. A group of animals treated with or without drugs for 3 days was irradiated on day 18 and sacrificed at 24 h after GKS to evaluate cell proliferation, apoptosis and microvessel density. The other group of animals was irradiated on day 14 and sacrificed at day 5 after GKS for the measurement of tumor volume. Apoptosis of endothelial cells in the tumor beds was only observed in the early period after GKS. Decreased cell proliferation and increased tumor cell apoptosis were observed in rat gliomas treated with GKS and THD or TMZ. The combination treatments with GKS and THD or GKS and TMZ also decreased microvessel density, i.e. angiogenesis, more effectively compared with GKS treatment alone. The combination of GKS and THD was the most effective regimen, resulting in a significant decrease of tumor volume. We suggest that the antitumor effect of GKS on glioma is enhanced by the addition of THD. Therefore, combined therapy with GKS and THD might be a favorable treatment for gliomas.
Introduction
Malignant gliomas are the most common primary brain tumors associated with a high degree of morbidity and mortality (1) . Chemoradiation therapy remains a popular adjuvant modality after gross tumor resection. Although the combination treatment of radiotherapy and chemotherapy has improved survival (2, 3) , the recurrence rate is still high and prognosis is poor.
Stereotactic radiosurgery (gamma knife radiosurgery, GKS) is a radiation technique characterized by the accurate delivery of high dose irradiation to a small volume in a single session. Irradiation dose falls off sharply outside the target. Therefore, radiosurgery can safely be added to the conventional radiation therapy to improve local control. However, the addition of radiosurgery to conventional radiotherapy with carmustine did not improve outcome in a randomized clinical trial (4) . Thus, new therapeutic strategies other than the simple addition of radiosurgery are necessary to improve the survival of patients with malignant gliomas.
Vascular targeted therapy, i.e. antiangiogenic therapy that can inhibit endothelial proliferation or induce endothelial cell apoptosis in tumor beds, has been the focus of many studies. It was also reported that tumor endothelial cells play an important role in the tumor response to irradiation (5, 6) .
Gliomas are the most angiogenic human tumors, as characterized by proliferative vascular endothelial cells with high levels of cytokines such as basic fibroblastic growth factor (bFGF) and vascular endothelial cell growth factor (VEGF) (7) (8) (9) (10) . The high expression levels of VEGF and bFGF contribute to the enhanced survival of tumor-associated endothelial cells, and results in a certain level of tumor resistance to irradiation (11) .
Thalidomide (THD), an antiangiogenic agent, is effective for the treatment of multiple myeloma and is being tested on various types of cancers (12) . It is thought to have a therapeutic effect by inhibiting VEGF- (13, 14) and bFGF-(15) induced angiogenesis. There are several clinical reports suggesting the efficacy of THD for treating recurrent malignant glioma (16, 17) . In addition, it has been suggested that the combination regimens with antiangiogenic therapy and radiotherapy increase antitumor effect (7, 18, 19) . Temozolomide (TMZ) is an alkylating agent that exhibits broad-spectrum antitumor activity (20) . Currently, TMZ is the most widely used agent for progressive or recurrent malignant glioma, and concomitant TMZ treatment during radiotherapy for newly diagnosed glioblastoma was associated with a better survival (21, 22) .
In this study, we combined the antiangiogenic THD or chemotherapeutic TMZ agent with the single high dose of GKS radiation to evaluate the possible synergistic effect of radiosurgery and the above agents. If vascular endothelial cell apoptosis is a major event preceding tumor cell apoptosis after irradiation, the combination of GKS with antiangiogenic therapy may more effectively induce tumor shrinkage than that with chemotherapy. We investigated the antiangiogenic and antitumor effects of combined treatment with GKS and THD (GKS+THD) in comparison with those of GKS and TMZ (GKS+TMZ).
Materials and methods

Animals and orthotopic implantation of tumor cells.
Specific pathogen-free Sprague-Dawley (SD) rats were used. All animal work was approved by the Animal Care and Use Committee of the Samsung Medical Center. Orthotopic implantation of glioma cells was performed as described previously (23) . Briefly, male SD rats (200-250 g) were anesthetized and shaved. They were secured in a rodent stereotactic frame, and a hollow guide screw was implanted into a small drill hole made 3 mm left lateral and 1 mm anterior to the bregma. (24) . C6/LacZ, rat glioma cells (1x10 5 ) grown in Dulbecco's modified essential medium supplemented with 10% fetal bovine serum and antibiotics were injected through the hollow guide screw into the white matter at a depth of 5 mm.
Gamma knife radiosurgery (GKS).
Radiosurgery was performed using the gamma knife model C (Elekta AB) on the 14th or 18th day after tumor cell implantation. The GammaPlan (version 5.34; Elekta AB) was used for dose calculations. A spherical skull radius of 15 mm was used, and a single shot of radiation was given through an 8 mm collimator with a maximum dose at the center of tumors by a rate of 310 cGy/min. Tumors were covered with a 90% isodose line. In detail, the rats were anesthetized and placed in a stereotactic head frame with a position identical to site of tumor cell inoculation. The coordinate for tumor cell inoculation was used as an isocenter coordinate for gamma irradiation. Animals in the control group and those treated with only pharmacologic therapy underwent the same procedure of anesthesia and positioning on the stereotactic frame for GKS without actual irradiation.
Harvesting of specimens. The harvested brains of rats were axially sectioned. One section was fixed in 10% buffered formalin and embedded in paraffin, and the other was embedded in OCT compound, frozen rapidly in liquid nitrogen, and stored at -70˚C.
Histological evaluation. Immunohistochemistry was performed as described previously (23) . For PCNA, TUNEL, CD31 and nucleus staining, tissue sections were stained with each antibody for PCNA (Dako), a TUNEL kit (Intergen Company), CD31/PECAM-1 (BD Pharmingen) and DAPI (Molecular Probe), respectively. To quantify each immunostaining, the number of stained cells was counted in 10 random fields. The tumor volume was calculated by measuring the section with the largest tumor portion and applying the formula: Length x width 2 x0.5.
Combined therapies of GKS and pharmacotherapeutic agent.
TMZ was provided by the Yuhan Corporation, and THD was purchased from Sigma. To elucidate an acute response to combination treatment with GKS and an antiangiogenic or a chemotherapeutic agent on a glioma model, THD (4 mg/ body/day) or TMZ (7.5 mg/kg/day) was administered from the 16th to 18th day after intracranial implantation. Rats then received irradiation on the 18th day in each treatment group, and the brains of rats were harvested 24 h after GKS to compare cell proliferation, apoptosis and microvessel density (MVD). To check the antitumor effect of combined treatment, the same amount of drugs were administered orally from the 12th to 14th day in the other groups, and GKS was done on the 14th day. The brains were harvested 5 days after GKS to compare tumor volume. Table I . Determination of ideal radiosurgery dose. 
After normal rat brains received the indicated doses of GKS, microvessel density (MVD) and apoptosis were evaluated by immunostaining for CD31 and TUNEL. Each value is the number of respective stained cells, representing the mean ± SD from five animals for each group. Lower (MVD) or higher (TUNEL) than the control (rats receiving 0 Gy of GKS), a P<0.001 and b P<0.05.
-
Data analysis and statistics. Values are presented as means ± SD or ± SE from n animals. Statistical comparisons between groups were performed using the Student's t-test or ANOVA.
Values of P<0.05 were considered statistically significant.
Results
Dose determination of radiosurgery.
To determine the ideal dose of radiosurgery, we examined various dose effects in . ✝ Lower (PCNA or MVD) or higher (TUNEL) than in control animals (P<0.001). ‡ Higher (TUNEL) than in control animals (P<0.05). § Lower than in animals treated with GKS (P<0.05). "Lower than in control and GKS-treated animals (P<0.05).
¶ Lower than in control animals (P<0.01). # Higher than in animals treated with GKS (P<0.01). (E and F) The representative immunostainings for PCNA, TUNEL and CD31 were shown for tumors with (E) or without necrosis (F), respectively. The cells stained brown represent positive cells for each staining.
non-tumor-bearing rat brains. Normal rats (n=5 per each group) underwent GKS with each maximum dose at the center of sham inoculation site (Table I) . Apoptosis and microvessel density of neural cells were evaluated in these groups of animals by TUNEL and CD31 immunostaining, respectively. Doses of more than 20 Gy caused a significant reduction of MVD and an augmentation of apoptosis of neural cells in a dose-dependent manner (Table I) . Therefore, we applied a maximal dose of 20 Gy at the center of the tumor in the following experiments to prevent normal tissues from radiation injury.
Apoptosis of endothelial cells and tumor cells in the early period after GKS.
We checked the apoptosis of endothelial and tumor cells in rat brains implanted with glioma cells at 6, 12 or 24 h after GKS. At 6 h after GKS, the apoptosis of endothelial cells was prominently increased (Fig. 1A) , but not at 12 or 24 h (data not shown). By dividing the number of apoptotic cells by that of total cells for each cell type, the apoptosis ratio (18.7%) of endothelial cells in the early period after GKS was determined to be higher than that (3.6%) of tumor cells (Fig. 1B) . These results demonstrated that the apoptosis of vascular endothelial cells precede that of tumor cells.
Acute effect of combination treatment with GKS and THD or TMZ in rat brains implanted with C6/LacZ glioma cells.
We examined the acute responses of treatment with GKS alone, GKS+THD or GKS+TMZ in rats implanted with C6/LacZ glioma cells at 24 h after GKS and compared them with those of control rats. We distinguished the tumors with necrosis from those without since different patterns of biological effects were estimated according to the presence of necrosis. Cell proliferation, apoptosis and MVD were evaluated by PCNA, TUNEL and CD31 immunostaining in both types of tumors, respectively. In tumors with necrosis ( Fig. 1C and E) , the number of stained PCNA-positive cells was reduced in rats treated with GKS alone by 53% and combined therapy by 55% with GKS+THD and 47% with GKS+TMZ, relative to the controls (P<0.001). However, the number of apoptotic cells stained in the TUNEL assay was only increased by combined therapy with GKS+THD (7.4-fold increase) or GKS+TMZ (13.0-fold increase) compared with the controls (P<0.001). Only in rats that received GKS+THD was the number of CD31-stained vessels significantly decreased by 44% compared with controls (P<0.001). In tumors without necrosis ( Fig. 1D and F) , the number of stained PCNApositive cells was remarkably reduced by 73% (P<0.05), and the number of apoptotic cells stained in the TUNEL assay was dramatically increased 8.79-fold (P<0.01) in rats treated with GKS+THD compared with the controls. However, MVD was not significantly changed in rats that received GKS+THD. Table II . The effect of GKS and/or pharmacotherapy (TMZ or THD) on tumor volume in rat brain implanted with C6/LacZ rat glioma cells. ------------------------------------------------ 
Smaller than in control animals (no treatment) (P<0.05).
- Table II (median). * Smaller than in control animals (P<0.001).
† Smaller than in animals treated with GKS (P<0.05).
‡ Smaller than in control animals (P<0.05).
Effect of combination treatment with GKS and THD on tumor volume in rat brains implanted with C6/LacZ glioma cells.
To determine the antitumor effects of combination therapy with GKS and TMZ or THD, we monitored tumor size after each treatment in an orthotopic rat glioma model. Five days after GKS, tumor volume was investigated in the groups of animals listed in Table II . The average tumor volume of animals treated with a single regimen of GKS, THD or TMZ were 53%, 41% or 32% (calculated by median values) smaller than that of controls, respectively (Table II and Fig. 2A) . The tumor volume of GKS+THD was 3% smaller than that of controls. These results demonstrate that the combination treatment of GKS and THD was the most effective in inhibiting tumor growth in this model, suggesting extremely synergistic effects (Table II and Fig. 2B ).
Discussion
Malignant glioma is a tumor accompanied with prominent angiogenesis. Regarding radiation therapy of glioma, it was reported that irradiated C6 glioma cells induce angiogenesis and activation of endothelial cells (11), and glioblastoma cells block radiation-induced apoptosis of endothelial cells (25) . These observations provide important implications in developing a novel therapeutic strategy, as a previous report suggests that the sensitivity of tumor vasculature is a major determinant of overall response to radiotherapy (5) . In this study, actual dose at the tumor periphery is estimated at 18 Gy, while the maximum dose at the center of the tumor is 20 Gy. This is equivalent to the dose that causes significant apoptosis of endothelial and tumor cells in other studies (5, 26) . As predicted, GKS alone resulted in the apoptosis of endothelial cells in the early period after irradiation, which is compatible with the result of another study (27) . Increased endothelial cell apoptosis was also observed with the addition of THD. The effective suppression of tumor growth by combined treatment of GKS and THD suggests that the synergistic effects of antiangiogenic agents and irradiation on endothelial cell apoptosis result in improved tumor control. Similar to our data, it was reported that the microenvironmental changes induced by THD were sufficient to radiosensitize tumors in a mouse sarcoma syngeneic model (26) .
However, it is not likely that the effects of THD added to irradiation result from a single mechanism. THD has been known to have anticancer effects via antiangiogenesis, proapotosis, the activation of immune response, etc. (12) . In the necrotic tumor, there was a significant reduction of the MVD in the GKS+THD group and an increase of tumor cell apoptosis compared with those of the other treatment group. The antiangiogenic effect of THD is thought to be a major cause of synergism, resulting in tumor necrosis and effective tumor volume reduction. Meanwhile, in rapid growing tumors without necrosis, THD reduced the proliferation of tumor cells with an enhanced antitumor effect of GKS, although MVD was not significantly affected. We also confirmed that THD inhibited the expression of VEGF and bFGF in tumors and reduced the ED1-immunopositive cells (28) . Decreased expression of these pro-survival cytokines might also enhance the antitumor effect of irradiation through the promotion of tumor cell apoptosis. The synergistic effect of our results may also be explained by reports that the administration of antiangiogenic agent THD might prune the immature blood vessels and consequently result in the normalization of tumor vasculature (29, 30) .
There are some limitations when these findings are translated to the clinic, i.e. implanted glioma in rats tends to grow with a more circumscribed pattern compared with human glioblastoma, which shows both an expansile and infiltrative growth pattern. Infiltrating tumor cells are difficult to control by surgical excision or stereotactic radiation, which focuses on the macroscopic tumors visible with imaging. However, the promising results of the present study have significant clinical relevance despite some limitations and can be applied to patients. It is traditionally assumed that the biological effect of single dose irradiation is equivalent to fractionated irradiation at a higher total dose (biologically equivalent dose, BED). BED for normal endothelial cells is known to be higher than malignant tumor cells, as demonstrated by the clinical outcome of arteriovenous malformations in which radiosurgery is advantageous over fractionated irradiation. The biological characteristics of endothelial cells incorporated in the tumor may be different from that in a normal environment, particularly when exposed to irradiation. Combination with antiangiogenic agents may restore the responsiveness of endothelial cells to irradiation, whereas single high dose irradiation may be more effective than multiple low doses of irradiation. In conclusion, it is considered that although radiosurgery combined with antiangiogenic therapy needs to be further investigated not only in animal models, but also in clinical trials, it might be an excellent potential therapy for malignant gliomas.
